We have isolated individual mitochondrlal tRNAs from a petite mutant Oj^-l known to contain a limited subset of mitochondrial tRNA genes and have mapped these genes on the wild type genome of the yeast strains MH41-7B and D273-10B. To obtain DNA for fine structure mapping and DNA sequence analysis of these genes, we screened a yeast mitochondrial DNA-pBR322 recombinant bank with the isolated tRNAs. We report here the fine structure mapping of recombinant clones containing the tryptophan, formyl methlonine and proline tRNA genes as well as the DNA sequence of the proline tRNA gene. The combination of restriction mapping and DNA sequence analysis has enabled us to locate these genes precisely on the wild type genome and to determine their direction of transcription.
INTRODUCTION
The arrangement of many yeast mitochondrial tRNA genes has been determined by genetic mapping (1,2), physical mapping using bulk labelled tRNAs (3, 4) and more recently by fine structure restriction mapping and DNA sequence analysis (5, 6, 7, 8) . Physical mapping studies using bulk labelled tRNAs demonstrated four regions (tRNA I-IV) of the wild type genome that contained tRNA genes (9). The tRNA I region contains most of the tRNA genes. The tRNA III region contains the gene for the glutamic acid tRNA (6) and tRNA IV contains a serine tRNA gene (5) . The tRNA II region contains genes for formyl methionine tRNA, proline tRNA and tryptophan tRNA.
We have previously reported the sequence of the tryptophan tRNA gene (10) and report here the sequence of the proline tRNA gene. The sequence of the formyl methlonine tRNA itself has been reported (11) . Knowledge of the sequences of these tRNA genes coupled with restriction mapping and hybridization studies have enabled us to precisely locate and determine the direction of transcription of these three genes. The formyl methionine tRNA gene is located at 27.1 units, the proline tRNA gene at 28.6 units and the tryptophan tRNA gene at 41.8 units on the wild type genome of the strain D273-1OB. All of these tRNAs are transcribed from the same strand of DNA In a clockwise direction from the chloramphenicol resistance marker towards the oligomycin II resistance marker.
METHODS

Isolation of nucleic acids
Mitochondrlal DNA was isolated from purified mitochondria as described previously (5) . Plasmld DNA was isolated from cleared lysates after chloramphenicol amplification. Mitochondrial tRNA was isolated from a petite strain Oj-P^l that was derived from the wild type strain MH41-7B. The tRNA was repaired and labeled using E. coli nucleotidyl transferase as described previously (5). Individual tRNAs were separated by two dimensional electrophoresis (12) and recovered from the gel by electro-elution. Acylation reactions were done using mitochondrial synthetase (5).
Restriction digests and filter hybridizations DNA was digested with restriction enzymes according to procedures recommended by the commercial suppliers of the enzymes (New England Biolabs or Bethesda Research Labs). Fragments were resolved on 0.7Z agarose gels, transferred to nitrocellulose filters by the method of Southern (13) and hybridized to radiolabelled tRNA for 16 hours at 60°C in Denhardt's buffer (14) containing 6 x SSC (SSC is 0.15 M NaCl, 0.015 M Na citrate).
DNA Sequence Analysis
DNA sequencing was done using the Maxam-Gilbert technique (15) . Fragments were separated on 20Z and 6Z acrylamide gels containing 7 M urea. gel. The major RNAs, labelled 1-6 were recovered by electro-elution and acylated in a series of experiments to determine their identity. Earlier genetic mapping studies predicted that this petite would contain tRNA genes coding for serine, glutamic acid, valine, threonine, proline, formyl methionlne and tryptophan tRNAs. The serine tRNA was not found (see discussion) and each of the six tRNAs did charge with one of the other predicted amino acids (Table I ). The only significant contamination between tRNAs was that the valine tRNA contained considerable methionine tRNA. The valine tRNA was purified by electrophoresis a second time before use in hybridization studies.
Each of these tRNAs was hybridized to restriction enzyme digests of MH41-7B (the parental strain of 0 P.-l) and to D273-10B (the strain from which our recombinant plasmids were constructed). Figure 2 shows the pattern of DNA fragments obtained by digestion of D273-1OB DNA with the restriction enzyme Hha I as well as the autoradiogram obtained when each tRNA was hybridized to identical digests that had been transferred to nitrocellulose paper. Using the restriction maps constructed by Morimoto and Rablnowitz (9) for these strains we were able to place the physical boundaries on the location of these tRNA genes. The results for D273-10B are summarized in Table II, •bed
• f Figure 2 . Mitochondrial DNA from the wild type strain D273-10B was digested with the restriction enzyme Hha I, run on a 0.7Z agarose gel and transferred to nitrocellulose filters for hybridization with: a) tRNA^l u , b) tRNA Tr P, c) tRNA
show hybridization that trails from Hha I band 1 because yeast mitochondrial DNA is not isolated as an intact molecule. Random shearing produces submolar amounts of large restriction fragments and a size range of degradation products from these fragments.
The valine (7, 8) , threonine (8) , glutamic acid (6) and tryptophan (10) tRNA genes that code for the tRNAs Isolated from 0 P.-l have been sequenced and the precise location and direction of transcription of all of them except the tryptophan tRNA gene have been reported. In order to precisely locate We also used hybridization of the purified formyl methionine tRNA to locate mltochondrial DNA-pBR322 recombinants containing this tRNA gene. Petite mutants have been convenient for genetic mapping studies and DNA sequence analysis because they retain limited, discrete regions of mitochondrial DNA. It is now clear that petites are a convenient source of a discrete subset of tRNAs. It has been known for some time that some petites produce functional tRNAs while others do not (19) but it had not been established that those petites which do produce functional tRNAs produce all of the tRNAs from the genes they retain. The original petite OP. contained seven tRNA genes (1) but the mutant used in these studies produced only six tRNAs. We have hybridized a purified serine tRNA gene probe to restriction digests of the mutant used here and did not find the serine tRNA gene. We presume that this gene has been deleted as a secondary event, and for that reason, designate the mutant used here as 0P.-1.
Wesolowskl and Monnerot (20) have constructed physical maps of a number of petite mutants whose tRNA gene complement had been determined by hybridization of H-aminoacyl tRNAs to the petite DNAs. Although the map locations of some tRNA genes could be narrowed down considerably by these correlations, others such as those coding for threonine, valine, formyl-methionine and tryptophan tRNAs were consistent with more than one location. Mapping studies, hybridization of restriction fragments and sequence analysis of cloned fragments now enable the precise location of the tRNAs genes which code for the tRNAs produced by 0 Pj-l. In addition, these studies have established the direction of transcription of three more mitochondrial tRNA genes. All of these genes are transcribed in the same direction as the majority of yeast mitochondrial genes.
